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DOI: 10.1039/c0ja00176gThe electrical properties, in particular the U–I characteristics, current and voltage signal shapes
within the pulse, are important parameters for the understanding of the processes taking place in the
pulsed glow discharge (PGD). The electrical properties are also closely related to the analytical
performance of the PGD such as sputtering rates, crater shapes and emission yields. Moreover, the
dependence of the U–I plots on the density of the discharge gas can be used to estimate the gas
temperature. This result is relevant for the analysis of thermally fragile samples. Nevertheless, there is
a lack of PGD studies where the current and voltage signals are considered in detail. Therefore, this
article is dedicated to the electrical properties of PGD. The influence of the PGD parameters (duty cycle
and pulse duration) on the electrical properties is examined. The results highlight the optimum
parameters for particular analytical applications. The question, whether direct current (dc) and radio
frequency (rf) discharges behave similarly is also discussed and all experiments are performed for both
modes. The comparative studies reveal strong similarities between dc and rf pulsed discharges.1. Introduction
Nowadays pulsed glow discharge (PGD) is becoming evermore
popular in mass spectrometry and optical emission spectrometry
(OES). The reason is that it has a greater number of attractive
features, as compared to continuous discharge sources, which
broaden its analytical potential.1,2 In PGD the power is not
applied continuously but only periodically with a certain
frequency. This reduces sample heating during analysis and
allows the analysis of thermally fragile samples.3,4 In addition,
the sputtering rate is reduced which renders PGD preferable for
the analysis of thin films.5–8 The pulsing process initiates different
excitation and ionization mechanisms at the beginning, during
and after the pulse with strong, medium and soft plasma
conditions.9–11 Using this feature and time-of-flight mass
spectrometry one can extract elemental and molecular inform-
ation from gaseous samples.12–15 Recent studies have shown the
possibility for direct oxidation state determination both from
gaseous and solid state materials.16,17 By measuring the emission
at a defined time of the pulse one can discriminate the impact of
contaminations or other species in the plasma.18–20
Besides the common parameters of the glow discharge (GD)—
voltage, current and pressure, in the case of PGD there are
additional parameters—duty cycle, pulse duration and pulse
frequency. Moreover a wider range of voltages and currents canaIFW Dresden, Institut f€ur Komplexe Materialien, P. O. Box 270116,
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784 | J. Anal. At. Spectrom., 2011, 26, 784–791be applied. From one side, as mentioned before, more discharge
parameters enable one to control the heating and sputtering rate
of the sample with greater precision. On the other side it
complicates the analysis. Thus, understanding the influence of all
the parameters on the discharge performance is important. One
of the keys to understand the glow discharge is its electrical
behaviour. The electrical properties are also closely related to the
analytical performance of PGD. For example, from the voltage–
current (U–I) characteristics one can see if the discharge is
operating in the abnormal mode, which is extremely important
for homogeneous sample sputtering and efficient excitation and
ionization.21,22 It has also been shown that the slope of the U–I
characteristics changes with the temperature of the discharge
system.23,24 This effect stimulated the idea to estimate the
discharge gas temperature from the U–I characteristics of PGD.25
Measurement of U–I characteristics in PGD is complicated by
the fact that their behaviour changes within the pulse.26 Also the
shape of the crater7 and the emission intensity at any charac-
teristic wavelength are directly connected to the voltage and
current signals during the pulse.27 Although the influence of the
pulse parameters on the crater shape7 and emission intensity28–30
is considered, less attention has been paid to the electrical
properties of the PGD.
Summarizing the above-mentioned facts, the electrical pro-
perties, i.e. the U–I characteristics as well as current and voltage
signal shapes, are important in understanding PGD processes.
They are also necessary for plasma modelling studies.31,32
Nevertheless, there is a lack of such studies.
Therefore, in the current work the influence of the PGD
parameters (pulse duration, pulse frequency and duty cycle) on
the U–I characteristics, and current and voltage signal shapes is
investigated. Pulsed direct current (dc) and radio frequency (rf)
discharges are compared. In the future correlation of these
electrical parameters with crater shapes and light emission will be
considered.This journal is ª The Royal Society of Chemistry 2011
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View Article Online2. Experimental
2.1. Experimental setup
For dc and pulsed dc measurements a 4 mm Grimm-type source
from Spectruma (GDA-750, Spectruma) was used. The discharge
pressure was measured in the anode body by a Pirani gauge,
calibrated by a Baratron manometer (MKS Baratron Type 127;
range 0–100 hPa). A high voltage generator (MCN 350-2000,
FUG) was used to create continuous dc GD. The pulsed dc GD
was excited with a high voltage pulse generator (RUP 3-3a, GBS-
Elektronik GmbH) and synchronized by an external TTL pulse
generator (33120A, HP). The discharge voltage and the current
of the pulsed discharge were transferred via a digital oscilloscope
(11201, Tektronix) to the computer for further evaluation.
For rf and pulsed rf measurements a modified Grimm-type
glow discharge source with a 4 mm anode tube was used. The
glow discharge was excited with a free running rf generator
(Forschungstechnik IFW, 3.37 MHz). The measurements of
transient voltage and current were made by voltage and current
probes integrated into the source. The experimental setup and
the measurement system are described in detail in the paper of
Wilken et al.33 Additionally, the rf voltage was measured by
a 1 : 100 voltage divider (GE 3425, General Elektronik GmbH)).
The signals from the voltage and current probes were fed into
a high speed oscilloscope (LC584A, LeCroy) from which they
were subsequently transferred into a PC, where further evalua-
tion was conducted.
For all electrical experiments 10 mm thick pure Cu samples (B
30 mm) were used.
2.2. Optimization of the experimental setup
Before performing any experiments it is important to ensure that
the measured signals correspond to the real ones and to reveal
possible measurement artefacts.
In the case of a pulsed dc system it has been shown that the
electronic circuit of the pulsed power supply influences the
current and voltage signal shapes.25,34,35 For example, with one
pulse generator the voltage and current signals disappear
abruptly after pulse termination, but with another, both signals
decrease gradually.25 Hence, the origin of the voltage and current
signals after pulse termination is not in the plasma, which must
be taken into account for GD process studies. To avoid this
measurement artefact, the power supply, RUP 3-3a, used in the
current work produced a rectangular voltage signal.
The power supply for rf discharge can be of two types: a fixed
frequency generator with matching box or a free running
generator. The first type, the most often used, works at an exact
or defined frequency. So as to transfer the maximum power from
the generator to the discharge the output impedance of the
generator should be matched to the input impedance of the
discharge source with the help of a matching box. The matching
process can take up to several seconds, which determines the
plasma stabilisation time. For a free running generator no
matching box is needed because the source is a part of the
oscillating circuit.36,37 This simplifies the generator operation and
reduces the stabilisation time. The oscillation frequency changes
slightly and thus compensates the variation of the plasma
impedance. Despite differences in the electronic circuits, bothThis journal is ª The Royal Society of Chemistry 2011generator types create the same plasma conditions. Therefore, it
does not matter which type is used. In this work a free running
generator was used.
For analytical applications, the GD source is capacitively
coupled to the rf generator. This means that the rf voltage is
delivered to the source through a capacitor. In the case of
conductive samples the capacitor is responsible for biasing the rf
voltage to a negative value. This causes the bombardment of the
sample by positive ions and its sputtering.37
In case of pulsed rf discharges, some limitations to the
capacitance value of the capacitor exist. Fig. 1 shows the
influence of the capacitance on the bias voltage behaviour.
The lower the capacitance value, the higher the voltage loss at
the capacitor. In Fig. 1(a) the low rf voltage, caused by the
voltage loss at the capacitor, is not sufficient to ignite the plasma.
Thus, the rf voltage oscillates around the zero value and no
sample sputtering occurs.
If the capacitance is too large it decelerates or prevents the
decrease of the bias voltage after the pulse. In this case an overlay
of rf (during the pulse) and dc (between the pulses) voltages is
obtained (Fig. 1(b)). Only with an optimal capacitance value is
a normal pulsed rf voltage signal provided (Fig. 1(c)). The
optimal capacitance value depends on the discharge system and
should be established for each system separately.3. Results and discussion
3.1. Pulsed direct current and radio frequency discharges. Is
there any difference?
PGD can be operated either in dc or in rf mode. The main
advantage of the rf mode is its ability to sputter nonconductive
samples. Sometimes the rf mode is also advantageous for the
analysis of conductive samples, because it is less affected
by nonconductive surface oxide contamination.38 But it is
questionable whether this is the only difference between the rf
and dc modes. In the literature one can find quite different
information when comparing dc and rf discharges. In the
following text references will be highlighted where some authors
suppose that ionisation and sputtering are different in dc and rf
modes, and others who believe that both modes are similar.
It has been reported that in rf discharges two different
discharge regimes exist: a and g.2,39,40 In the a regime the elec-
trons in the bulk plasma are heated by the rf field oscillations.
These electrons have a high enough energy to cause ionisation
and sustain the plasma. In the case of the g regime the discharge
is sustained by the electrons emitted from the cathode (secondary
electrons). In dc discharges only the g regime exists. The absence
of the a regime and also computation results39 indicate that the
ionization in dc mode is less efficient than in the rf one. However,
later modelling studies have shown that the calculated Cu atom
and ion densities, optical emission spectra, sputtering rates and
sputter crater shapes are similar for rf and dc mode. These
computational results are in good agreement with experimental
data.41 Lewis et al. studied the temporal emission characteristics
of pulsed dc and rf discharges and found only negligible differ-
ences between dc and rf mode.34 Pr€aßler et al. observed that the
GD OES intensity–time profiles, crater shapes and depth reso-
lution are similar for rf and dc discharges.42 On the other hand,J. Anal. At. Spectrom., 2011, 26, 784–791 | 785
Fig. 1 The pulsed rf voltage measured with application of (a) small 22 pF (b) big 2000 pF and (c) optimal capacitor 95 pF between the rf generator and
the source (effective voltage 700 V, pressure 6 hPa, duty cycle 0.4, pulse duration 200 ms, frequency 2 kHz).
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View Article OnlineHarrison mentioned that the efficiency of sputtering by an rf
discharge is somewhat less than that obtained by dc.38
Thus, from the literature it is difficult to conclude either that
the dc and rf modes are different or similar. At this point it is
extremely important to emphasize which electrical conditions
between modes are compared. Two discharges can be compared
at the same pressure and only in the case when the power they are
consuming is the same. For the case of rf discharges an equiva-
lent to the dc-voltage and dc-current is necessary. Bogaerts et al.
noticed that in the dc mode a higher voltage than the rf bias value
is required to yield the same power value as in the rf-mode.39
Additional studies43 and subsequent work37 have shown that the
rf equivalent of the dc voltage is the effective voltage Ueff, which
is the cycle root mean square value of the periodic voltage signal
Up(t) plus bias Ubias (see eqn (1)). The equivalent for the current
value Ieff is the rf power P divided by the effective voltage (see
eqn (2)–(4)).
Ueff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
tp
ðtp
o

Ubias UpðtÞ
2
dt
vuuut (1)
P(t) ¼ Up(t)Ip(t) (2)
P ¼ 1
tp
ðtp
0
PtðtÞdt (3)
Ieff ¼
P
Ueff
(4)
With these parameters the best agreement of the sputtering
rates and emission yields between rf and dc discharges was
obtained. For example, the power–voltage dependences are
similar for rf and dc modes if the effective voltage is used in the rf
case.26 Apparently, the dc and rf discharges are very similar, if the
correct electrical conditions are chosen.
It must be mentioned that the determination of power, rf
voltage and dc bias deteriorates with increasing sample thickness.
The quality of the power measurement at fixed frequency
generator systems depends on the power losses in the matchbox
and the quality of the used correction—the so-called subtraction
method. The rf voltage becomes lower throughout non-
conductive samples, depending on sample thickness, frequency786 | J. Anal. At. Spectrom., 2011, 26, 784–791and current. In principle, this voltage loss can be corrected, if
voltage and current are measured. The direct measurement of the
dc bias becomes totally impossible and calculation procedures37
or estimations43 must be used.
As was shown in the Introduction, the study of electrical
parameters is important and can also help to answer questions
about the comparative features of dc and rf discharges. In the
next sections the electrical parameters of pulsed rf and dc
discharges are studied and compared. The effective voltage is
used in the case of an rf discharge so as to obtain the same plasma
conditions as in dc mode.
3.2. Voltage–current characteristics of the pulsed glow
discharge
For all analytical applications of the Grimm-type source, the GD
is operated in the abnormal mode, where flat craters and high
power are obtained. In this mode the discharge conditions are
selected such that the current flows homogeneously through the
cathode surface (for 4 mm source: voltage 500–1500 V, current
10–100 mA, pressure 2–15 hPa). The expansion of the plasma
over the cathode is obstructed by the anode. Therefore, at higher
voltages more electrons are extracted from the surface per unit
area and the current increases. This process defines the form of
the voltage–current characteristics of the GD: the current
increases with voltage (Fig. 2(a)). One can also see the saturation
of the current at higher voltages and pressures in a dc discharge.
This effect is well known in the case of continuous dc discharge
and is explained by the heating of the discharge gas when high
power is applied.23,24,26
The voltage–current characteristics measured for rf discharges
within the last 600 ns of the pulse show a linear behaviour
without saturation in the ionic part (see Fig. 2(b)). This indicates
that during the short time of some rf periods the gas temperature
stays constant.
For the pulsed dc and rf discharges, the influence of the duty
cycle on the voltage–current characteristics was studied.
In the case of pulsed dc discharge it was essential to choose
a convenient type of current signal acquisition. There are two
possibilities to record the current signal with the high voltage
pulse generator RUP 3-3a. One of them provides a high time
resolved measurement of the current within the pulse. The other
gives the total input current values in the pulser. So, for the
voltage–current plots one can either measure the current within
the pulse and calculate the average value during the pulseThis journal is ª The Royal Society of Chemistry 2011
Fig. 2 Voltage–current plots of pulsed (a) dc (presenting the averaged current values within the 200 ms pulse) and (b) rf (measured in the last 600 ns of
the 50 ms pulse) discharges.
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View Article Onlineon-time (way 1) or measure the input current and divide it by the
duty cycle (way 2). Both ways produce an averaged current value
during one pulse. Experiments have shown that the current
measured by way 2 exceeds the current measured by way 1 by
15% (see Fig. 3). A part of this difference can be explained by the
consumption of power by the pulse generator, which is converted
to heat. Therefore, way 1 is preferable, if accurate currents are
needed. However, as the ratio between both currents is stable and
does not depend on the voltage, it is possible to correct the
current measured by way 2. Because way 2 is much easier to
perform and even possible on a commercial scale, this later
current recording way (2) was used in the present work.
The experimental data (Fig. 2(a)) show that at a constant pulse
duration (200 ms) the average current during the pulse on-time
changes with the duty cycle. At 3 hPa the plot, which corresponds
to the 0.4 duty cycle, is placed lower than the plots for the 0.2 and
0.1 duty cycles. At 6 and 9 hPa the decrease of the current is
already seen for the 0.2 and 0.4 duty cycles.
The measurement system developed at the IFW33 allows
recording of the rf current and voltage during the pulse, but
because of the capacitive coupling the average current becomes
zero. Therefore, in Fig. 2(b) the measured voltage–current plotsFig. 3 The current values within one pulse acquired at different voltages
by measurement of the total input current of the pulser and division by
the duty cycle (x-axis) and by the measurement of the current within the
pulse and calculation of the average value during the pulse (y-axis)
(pressure 6 hPa, duty cycle 0.2, pulse duration 100 ms, frequency 2 kHz).
This journal is ª The Royal Society of Chemistry 2011correspond to a few oscillation periods of the rf current and
voltage at the end of the 50 ms pulse. One can see only the ionic
part of the voltage–current characteristics, where the voltage is
negative. This part is responsible for cathode sputtering and
takes most of the rf cycle time. As in the dc case, a decrease of the
current at higher duty cycles can be seen (Fig. 2(b)). In the
positive region no changes were observed at different duty cycles.
This raises the question, why the voltage–current graphs for
constant pulse length but different duty cycles are not
congruous? Hoffmann et al.26 have already mentioned the
decrease of the current with duty cycle and explained it by the
heating of the discharge gas at high duty cycles. It was also
observed that plots measured at the beginning and at the end of
the same pulse are different. Moreover, this difference depends
on the pulse parameters. On the other hand, it requires a lot of
work and time to measure the voltage–current characteristics at
different times of the pulse, varying duty cycle, frequency, pulse
duration and try to explain the reason of these effects. Therefore,
for the further study and understanding of the PGD behaviour it
is important to look at the current and voltage signal shapes
during the pulse.3.3. Voltage and current signal shapes within the pulse
As already mentioned in the experimental part (Section 2.2), the
dc pulse generator used in this work produces a rectangular
voltage signal. Therefore, this part will focus on the current
shapes during the pulse. Nevertheless there is one aspect which
should be mentioned here. Contrary to the dc mode, the voltage
signal produced by the rf generator is not rectangular at the
beginning of the pulse (see Fig. 4).
This effect has already been described by Wilken et al.37 At the
beginning of the pulse the electrons remain at the cathode surface
and charge it up to a negative bias voltage. This procedure takes
around 50 ms and depends on the capacitance of the system. The
described effect is not a measurement artefact and should be
taken into account when pulsed dc and rf discharges are
compared. It is also important to know that when very short
pulses are chosen (shorter than 50 ms), the voltage will not reach
its prescribed value (see Fig. 4). This will lead to a decrease of the
sputtering rate.J. Anal. At. Spectrom., 2011, 26, 784–791 | 787
Fig. 4 Rf voltage signal measured at different pulse durations (effective
voltage 800 V, pressure 6 hPa, duty cycle 0.2).
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View Article OnlineThe influence of the discharge parameters on the current signal
shapes during the pulse was studied and is described below. The
following discharge parameters are considered: voltage, duty
cycle, pulse duration and frequency.
3.3.1. Influence of the voltage on the current shapes. For the
presentation of voltage–current characteristics of the pulsed dc
discharge, the average current value over the pulse was evaluated
(see Fig. 2(a)). Such averaging hides possible effects during the
pulse. Therefore, now the current shapes during the pulse are
presented at different voltages (see Fig. 5). The other discharge
parameters such as pressure, duty cycle, frequency and pulse
duration were fixed.
As expected, the current within the pulse shown in Fig. 5
increases with increasing voltage. But there is one additional
effect, which was not visible before: the current peak at the
beginning of the pulse becomes more pronounced at higher
voltages. The high current peak at the beginning of the pulse has
already been observed by others.20,35,44 Because of the strong
excitation and ionization conditions, the region at the beginning
of the pulse is often used in time-gated measurements to extract
elemental information from the sample.14 However, the origin of
the high current after the plasma ignition is still not clear. In the
modelling studies, in order to predict the high current peak at the
beginning of the pulse, a considerable rise of the gas temperature
in this region was assumed.31 Later theoretical studies assumed
that the initial current peak is attributed to the measuring circuit
and not to the real plasma current.45 There is a theory that a part
of this high current is the capacitive current caused by charging
of a capacitor (the discharge source without the plasma).2 TheFig. 5 Dc current signal within the pulse measured at different voltages
(pressure 6 hPa, duty cycle 0.2, pulse duration 200 ms, frequency 1 kHz).
788 | J. Anal. At. Spectrom., 2011, 26, 784–791discharge source used in this work, including cables, has
a capacitance C around 230 pF. The resistance value R which is
between the power supply and the source is 35 Ohm. In this case,
the application of the voltage U0 across the 230 pF capacitor will
produce a huge current peak Imax of several amperes, but it will
decay with time t in some ns (see eqn (5)–(6)).
I ¼ Imaxet/RC (5)
Imax ¼
U0
R
(6)
The huge (several A) peak in the first ns of the pulse probably
exists, but it is not possible to record it with our equipment,
because the probes are not designed for such high frequencies
and currents. Hence this does not explain the commonly
observed current peak in the ms region, as depicted in Fig. 5. In
addition, the capacitive current should depend linearly on the
applied voltage. This is in contradiction with Fig. 5 where the
current peak disappears at low voltages. Therefore, further
studies on this topic are necessary.
To check if the pulsed rf discharge reveals a similar effect, the
rf current signal shapes were measured at different effective
voltages and all other discharge parameters were kept constant.
In Fig. 6(a) rf current and voltage signals measured with
Wilken’s37 system at the end of the 200 ms pulse are presented. By
compressing the time scale one can see the whole picture of the rf
current during the pulse. It is interesting that the behaviour of the
pulsed rf discharge is similar to the dc case (see Fig. 6(b)) and
current peaks appear in the prepeak region as well as in the
electron (positive) and ionic (negative) current part.
In comparison with the plateau region the current peaks at the
beginning of the rf pulse are not as high as in the dc case. But one
can clearly see the similarity between rf and dc pulses: the peaks
disappear at lower voltages.
3.3.2. Influence of the duty cycle, pulse duration and frequency
on the current shapes. The main difficulty in studying the influ-
ence of the duty cycle, pulse duration and frequency on the
current shapes is that these discharge parameters cannot be
varied separately. This situation is similar to that with voltage,
current and pressure of the glow discharge. One cannot change
for example the voltage without changing current or pressure.
Because it was found that the contribution of the pressure into
the glow discharge performance is small, it was implicitly
included in the current and potential functions.46 Also Boumans
equation for sputtering does not include pressure, and sputtering
can be simply described by a linear dependence on voltage and
current.47 However, for a defined material it is possible to
calculate the voltage as a function of current and pressure or the
current as a function of voltage and pressure, but the resulting
equations will be more difficult.
Similarly as for the pressure in this work the frequency was
found to be a less important parameter. The reason is that (1) the
duty cycle is directly correlated with the power introduced into
the discharge and (2) the pulse duration is quite important for the
study of the current shape during the pulse. Hence, duty cycle
and pulse duration were independently varied while the
frequency was allowed to reach its own value depending on the
first two parameters.This journal is ª The Royal Society of Chemistry 2011
Fig. 6 (a) Current and voltage signals of the rf discharge (measured in the last 600 ns of the 200 ms pulse, effective voltage 1400 V, pressure 6 hPa, duty
cycle 0.2, frequency 1 kHz) and (b) rf current signal within the pulse measured at different effective voltages (pressure 6 hPa, duty cycle 0.2, pulse
duration 200 ms, frequency 1 kHz).
Fig. 7 Dc (a) and rf (b) current signals within the pulse measured at different duty cycles (6 hPa, 800 V (in the case of rf Ueff 800 V), pulse duration
200 ms).
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View Article OnlineIn this way the influence of the duty cycle on the current was
studied with a fixed pulse duration. Fig. 7 presents dc and rf
current signals with 200 ms pulse length at different duty cycles.
The shape of the current signal remains unchanged for different
duty cycles. But one can see that the current level at higher dutyFig. 8 Dc (a) and rf (b) current signals within the pulse measured at differen
duty cycle 0.2).
This journal is ª The Royal Society of Chemistry 2011cycles is lower for both dc and rf modes. This is the reason why
the voltage–current characteristics measured with different duty
cycles are not congruous in spite of the correction to the duty
cycle (see Section 3.2 Fig. 2). As already discussed above, the
decrease of the current is caused by the discharge gas heatingt pulse durations (6 hPa, 800 V (in the case of rf effective voltage 800 V),
J. Anal. At. Spectrom., 2011, 26, 784–791 | 789
Fig. 9 Dependence of the pulser input current (not divided to the duty
cycle) on pulse length (6 hPa) in pulsed dc.
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View Article Onlinewhen higher power is applied. The power can be increased either
by an increase of the voltage and current, or by an increase of
the duty cycle. In the first case one observes a curvature of the
voltage–current plots (Fig. 2a) and in the second case the
decrease of the current within the pulse despite voltage and
pressure is fixed (Fig. 7).
Since the effect of the duty cycle is understood, the influence of
the pulse duration on the current at fixed duty cycle was studied.
In Fig. 8 the dc and rf currents measured at different pulse
durations but with a fixed duty cycle, voltage (in the case of rf
discharge—effective voltage) and pressure are presented. First of
all it should be emphasized that the current for all pulse dura-
tions follows the same trajectory and does not drop as in the case
of higher duty cycles in Fig. 7.
Nevertheless, the current signal changes with time and long
pulses look completely different than short pulses. In general one
can see a decrease of the current with the time of the pulse.
Therefore, in spite of the same duty cycle, longer pulses mean
lower average current and very probably also a lower sputtering
rate and emission intensity. Fig. 9 demonstrates the dependence
of the total input current on pulse duration with a fixed duty
cycle. The reduction of this current from the shortest to the
longest pulse is around 75%. This effect can also be explained by
heating of the discharge gas when the discharge runs for a longer
period. However, if this is the case, then why does the current not
decrease gradually within the pulse?Fig. 10 Dc (a) and rf (b) current signals within the pulse measured at differen
0.2, pulse duration 1000 ms, frequency 0.2 kHz).
790 | J. Anal. At. Spectrom., 2011, 26, 784–791In Fig. 8 one can also see reproducible oscillations of the
current signal. Moreover, the oscillations appear for both dc and
rf pulses. A very similar phenomenon was previously observed by
Nelis et al.27 Periodical variations of the Cu 224.7 nm light
emission with a period of 200 ms were observed, which dis-
appeared after 1 ms. Nelis suggested that the observed oscilla-
tions were caused by a variation of the discharge gas particle
density due to changes in either pressure or temperature. This
explanation can also be valid for the current oscillations
observed in this work, but further studies are necessary. The
main question is why does the pressure or temperature oscillate
after discharge ignition? Possible mechanisms responsible for the
generation of pressure waves are discussed in the paper of
Voronov et al.48
It is found that the oscillations disappear at low voltages,
similarly as the peak at the beginning of the pulse (Fig. 10).Conclusions
This work covers the electrical features of PGD, which are
crucial for both understanding the discharge processes and
analytical applications.
Firstly, the importance of the optimization of the measure-
ment of voltage and current signals within the pulse was shown.
Possible artefacts which are not caused by the discharge
processes, but by the electrical circuit of the pulsed system were
described.
The difficulties in comparing dc and rf modes were also dis-
cussed. For these comparative studies in this work the effective
voltage in the rf mode was used as an equivalent to the dc voltage.
Nearly all phenomena found with dc discharges also appear in the
rf case. No significant difference between rf and dc pulsed
discharges was observed. For both, rf and dc discharges, a decrease
of the current caused by heating of the discharge gas at higher
powers was found. In addition, the current signal shape within the
pulse showed a similar behaviour in the rf and dc modes: (1)
growth of the current peak at the beginning of the pulse at higher
voltages, (2) a drop of the current level within the pulse when
a higher duty cycle is applied and (3) oscillations of the current
signal within long (up to 1 ms) pulses. Thus, in terms of the elec-
trical properties, the pulsed rf and dc discharges are very similar.t voltages (in the case of rf effective voltages) (pressure 6 hPa, duty cycle
This journal is ª The Royal Society of Chemistry 2011
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View Article OnlineThe influence of the PGD parameters (pulse duration, pulse
frequency and duty cycle) on the U–I characteristics and current
and voltage signal shapes was also investigated. The voltage–
current plots indicate heating of the discharge gas when
operating at high duty cycles. This result is quite important for
the analysis of thermally fragile samples. Nevertheless, more in
depth studies on the behaviour of the signals within one pulse are
necessary.
The measured voltage signal shape is rectangular and is not
influenced by the pulse parameters. One should only take into
account that the rf voltage needs around 50 ms to reach its
prescribed value because of the bias voltage formation. Hence,
the use of very short pulses can lead to a decrease of the
sputtering rate.
Opposite to the voltage, the current signal is not rectangular
within the pulse. There is a current peak in the first ms of the
pulse. Afterwards the current decreases and oscillations with
a period of around 200 ms occur. As the current signal is not
constant during the pulse, the pulse duration is an important
parameter. The experimental results show that with a fixed duty
cycle the average discharge current depends on the pulse dura-
tion. The shorter the pulse the higher the average current.
Presumably, the sputtering rate will also be higher with short
pulses, in spite of the fixed duty cycle.
Very probably the emission intensity within the pulse will
follow the current signal shape. A corresponding investigation at
different duty cycles and pulse durations is currently in progress.
In this work the nature of the oscillations of the current signal
within the pulse and the high current peak at the beginning of the
pulse are not clarified. Therefore, further studies of these
phenomena are necessary. Moreover, a detailed investigation of
the sputtering rates and the emission intensities of the PGD
considering the results on the electrical properties should follow.
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